Biochar additions have been suggested to influence soil microbial communities that, through a cascade effect, may also impact soil fauna. In turn, any direct biochar effects on fauna can influence microbial communities through grazing, physical fragmentation of organic debris (and biochar) and modifying soil structure. If biochar creates a favorable environment for soil microorganisms, it is also plausible for fauna to be attracted to such microbially enriched habitats. However, how soil fauna respond to biochar addition to soil and what are the main factors that drive their behavior has rarely been experimentally addressed. Therefore, the behavior of two mesofauna species was assessed as a result of corn stover biochar (slow pyrolysis at 600ºC) additions to a loamy temperate soil, after preincubation for 2, 17, 31 and 61 d, and related to variations in microbial biomass and activity. Microbial biomass increased by 5 -56% and activity by 6-156% with increasing biochar rates for the different preincubation times. Over the incubation time, microbial biomass did not change or increased at most 15% with the different biochar rates, while in turn microbial activity decreased steadily (around 70-80% at day 61). Enchytraeids generally did not show avoidance or preference to biochar when provided with an alternative unamended soil, while collembolans often showed avoidance responses. However, collembolan avoidance to This is the author's version of a work that was accepted for publication in Applied and soil ecology. Changes resulting from the publishing process, such as peer review, editing, corrections, structural formatting, and other quality control mechanisms may not be reflected in this document. Changes may have been made to this work since it was submitted for publication. A definitive version was subsequently published in Domene, X., et al. "Short-term mesofauna responses to soil additions of corn stover biochar and the role of microbial biomass" in Applied soil ecology (Elsevier), vol. 89 (May 2015), p. 10-17. DOI 10.1016/j.apsoil.2014 2 biochar decreased or disappeared in biochar mixtures with higher microbial biomass and soluble NH 4 -N content, agreeing with the plausible role of microorganisms to potentially attract soil fauna after biochar applications. Avoidance response was mainly explained by environmental preferences of the test species and not by any toxic effect of the biochar in this study. However, avoidance after the application of biochar may still need to be considered due to the potential negative impacts of individuals' migration on soil ecosystem functioning.
biochar decreased or disappeared in biochar mixtures with higher microbial biomass and soluble NH 4 -N content, agreeing with the plausible role of microorganisms to potentially attract soil fauna after biochar applications. Avoidance response was mainly explained by environmental preferences of the test species and not by any toxic effect of the biochar in this study. However, avoidance after the application of biochar may still need to be considered due to the potential negative impacts of individuals' migration on soil ecosystem functioning.
INTRODUCTION
The addition of some biochars has been found to stimulate microbial abundance and activity (Pietikäinen et However, the literature about potential direct and indirect effects on soil fauna other than earthworms is scarce. This is surprising due to the key role of soil biota in some of the reported beneficial effects of some biochars on soil fertility (Lehmann et al. 2011) as well as the suspected effect of fauna on biochar persistence in soil, e.g. the reported capacity of earthworms to ingest and grind biochar particles, and to excrete biochar reported no variation in total nematode abundance after a wheat straw biochar addition of 2.4 Mg ha -1 , though higher diversity with biochar addition was observed as well as an increased abundance of fungivores. However, negative effects have also been occasionally observed, such as decreased faunal activity in an alkaline soil cropped to barley and amended at high addition rates (50 Mg ha -1 ) with a gasification pine wood
biochar (Marks et al. 2013).
The mechanisms underlying any of these effects have not been clearly demonstrated yet, although positive effects could at least partly be due to trophic effects resulting from biochar effects on soil microbial communities that certain fauna rely on. If microbial abundance is affected by biochar application, a cascade effect is expected on all soil fauna directly or indirectly relying on them (McCormack et al. 2013 ). In turn, effects on fauna could influence microorganisms themselves, due to the fauna regulation of organic matter decomposition by microbial grazing, but also by indirect effects resulting from litter fragmentation and soil structure modification carried out by some faunal groups (Bardgett 2005) . The type of feedstock, the pyrolysis procedure used, and the rate of addition are the most plausible factors that could explain faunal responses to biochar, but also the type of soil and changes in soil properties caused by biochar addition. As an example, Van Zwieten et al (2010), comparing the response of earthworms (Eisenia andrei) in soil mixtures of two slow pyrolysis papermill waste biochars in an acid and an alkaline soil (10 Mg ha -1 , equivalent to a 2 and 1.5% addition, respectively), demonstrated preference for soil-biochar mixtures in the acid soil but not in the basic soil. This behavior was associated with a pH increase (from 4.2 to around 5.13-5.93) and higher microbial activity after the addition of biochar to the acid soil, and not observed in the basic soil.
Preference response was assumed to be the result of a more suitable environment for this species and pointed out the importance of the type of soil for evaluating the impact of biochar addition on soil biota. Excessive liming has also been linked to toxic effects The main aim of this study was to assess the main drivers for the behavior of two soil mesofauna species exposed to soil-biochar mixtures, which may be representative for the potential short-term responses of soil fauna under field conditions. We hypothesized that a relationship of such a response exists with microbial biomass and activity.
METHODS

Mesofauna species, soil and biochar
The test species of this study were considered to be representative of soil mesofauna due for this and additional details on biochar composition).
Avoidance test setup
Avoidance tests in both species were carried out in accordance with ISO (2011), a test initially designed for F. candida. The only modification for collembolans was that individuals were aged 24-32 days instead of the 10-12 days proposed in the test to maximize their recovery at the end of the test. E. crypticus was continuously cultured so the availability of clitellated adults was ensured during the experiment.
Soil-biochar mixtures (0, 0.2, 0.5, 2, 7 and 14 %, w/w) were prepared and moistened to 50% of the maximum water holding capacity. were prepared for the assessment of basal soil respiration and microbial biomass, two for the preparation of aqueous extracts for the assessment pH, electrical conductivity (EC) and soluble ion content, and one to assess moisture.
Avoidance tests were carried out in translucent plastic vessels (115 mm diameter x 60 mm height for collembolans, and 57 mm diameter x 73 mm height for enchytraeids). Moisture was assessed gravimetrically by drying at 105ºC for 12 h a 20 g moist sample.
Basal soil respiration was assessed by adding 20 g of moist mixture to a polyethylene vessel placed in a 500-mL glass jar containing another polyethylene vessel filled with NaOH and incubating for 24 h at 20±1ºC, according to the titration method described in 
Ecotoxicological and chemical properties of the soil-biochar mixtures
In parallel to the avoidance tests, collembolan and enchytraeid reproduction tests were carried out to assess any potential ecotoxicological effects of the biochar in this study according to standardized protocols (ISO (1999) and ISO (2004), respectively). The same soil-biochar mixtures used for the avoidance tests were identically prepared and inoculated. For each species, six replicates were prepared per soil-biochar mixture, each consisting of a 125-mL polyethylene vessel (57 mm diameter x 73 mm height), filled with 30 g of soil-biochar mixture moistened to 50% of its water holding capacity.
Ten juveniles of the corresponding species were placed in each vessel and food was added, consisting of baker's yeast in collembolan tests and ground oat flakes in enchytraeid tests. Vessels were covered with a lid and incubated for 28 d at 21ºC in the dark. The individuals were fed periodically, and the replicates aerated, as described in the protocol. At the end of this period, collembolan vessels were flooded and a picture of the surface was taken to allow counting the adults and juveniles present. In the enchytraeid tests, individuals were fixed with 75% alcohol and stained with 10 drops of a 1% Bengal red solution in alcohol for 24 h, and then sieved to 0.2 mm by adding tap water to allow counting of the dyed adults and juveniles.
Two additional replicates were prepared per soil-biochar mixture and incubated at 21ºC
for 28 d to assess soil chemical properties at the end of the test. Namely, 1:5 w/v aqueous extracts were prepared and pH, EC, soluble ion content, assessed as described for the avoidance test mixtures. Soluble elemental content (Al, As, B, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, N, Na, Ni, P, Pb, S, Se, Si, Sr, Ti, V, Y, and Zn) was assessed by ICP-ES in a 61E ICP trace analyzer (Thermo Jarrell Ash Co, Franklin, MA).
Statistical assessment
All statistical analyses were conducted using R software version 2.15 (R Foundation for Statistical Computing, Vienna, Austria). In the reproduction tests, the effect of biochar addition rates on survival and reproduction (expressed as percent of the performance in control) was assessed by one-way ANOVA. The significant differences in these endpoints between unamended soil and each soil-biochar mixture were verified by the Bonferroni test.
Significant avoidance or preference behavior was examined for each soil-biochar mixture and incubation time with a two-tailed Fisher's exact test (fisher.test function in R). This test is based on comparison of the expected number of individuals at each side (half of them) and the actual distribution observed, having as null hypothesis an equal distribution on both sides (i.e. no avoidance or preference behavior).
The influence of the biological and chemical properties assessed in the different soilbiochar mixtures and incubation times on avoidance was assessed by Generalized Linear Models (GLM). GLM were constructed for the avoidance response of mesofauna species, one using the unstandardized microbial and chemical properties in soil-biochar mixtures and the other using the standardized values. In both cases, a global GLM was constructed assuming a
Gaussian distribution (glm function, stats package in R). Then, using the vif function of the HH package in R, variables showing high multicollinearity were consecutively removed until all variables showed VIF values below 5. Then, the best model was selected using the dredge function of the MuMIn package in R, which provided the model with lowest AIC.
RESULTS
Fauna interaction with biochar particles and ecotoxicity
In both the avoidance and reproduction tests individuals of both species ingested biochar particles, easily observed due to its translucent nature as a dark gut content Table S1 ).
Microbial biomass and activity, and chemical soil properties
In the soil-biochar mixtures used in the avoidance tests, higher pH and especially EC were observed as biochar application rates increased (Figure 2 Figure S2) . PO 4 -P was higher than in the control only at the highest application rate, while NO 3 -N contents decreased with biochar application rate but were always higher than in control soil. Over time, only NO 3 -N increased in biochar mixtures but not in controls, whereas NO 2 -N , Br -, and especially NH 4 -N decreased, irrespective of biochar application rate.
Basal soil respiration values were higher at the highest biochar application rates, but decreased over time at all application rates (Figure 2) . Less clear trends were found for microbial biomass, although clearly higher microbial biomass values were observed with 14% biochar.
Avoidance/preference responses
Avoidance response to biochar mixtures in this study was often observed in F. candida, while preference was never observed, though no strong trends in this response was found regarding the biochar application rate or preincubation time (Figure 3) . A general avoidance was observed after 17 d of incubation except at the 14% rate, while later during the incubation, avoidance was occasionally observed at the 0.2, 0.5 and 14% application rates. On the other hand, E. crypticus did not negatively respond to biochar application, but rather a significant preference was observed, though only at the 0.2% biochar application after 2 d and at the 7% after 61 d.
Modeling of the avoidance response of F. candida to biochar, microbial biomass and soluble NH 4 -N were able to explain 45 and 67% of the variance in this response using the unstandardized and the standardized variables, respectively ( Table 1) . This indicates a lower or a lack of avoidance for biochars the higher the microbial biomass and NH 4 -N. In the model with standardized values, Br was also associated with lower avoidance of biochar, while the opposite was found for higher pH, which increased biochar avoidance. Regarding E. crypticus, the obtained models were not acceptable as they had a very low predictability or did not include any significant variable (Table 2 ).
DISCUSSION
Chemical factors controlling faunal responses to biochar
The contribution of pH to collembolan avoidance in this study is unexpected, since the corn biochar only slightly increased pH (7 to 7.5), in a range not expected to affect avoidance behavior of F. candida (Domene et al. 2011) . Similarly, reproduction in this species has been shown to be not affected at this pH ( Table S2 ) discard this possibility.
Regarding other ions, the only remarkable increase associated with biochar addition is that of Cl -( Supplementary Table S2 ), although potential effects on avoidance or toxicity for the tested species were not shown in our study. Similar increases in soluble K, Ca, Si and Na were observed in the soil-biochar mixtures used in the reproduction tests (Supplementary Table S1 ). In F. candida, Na + has been shown to be more toxic than other ions applied at similar concentrations (Schrader et al. 1998 ), although the increases in Na observed after biochar addition were not associated with toxic effects.
The potential effects on the avoidance response are unknown since soluble Na content in the corresponding mixtures was not assessed.
Microbial biomass role on faunal responses to biochar
While enchytraeid behavior was unaffected by microbial biomass or other assessed properties, in collembolans, the significant contribution of microbial biomass to a decreased avoidance of the tested biochar suggests that microorganisms were compensating for whatever was causing the avoidance observed with this biochar. The 
Relationship between avoidance and reproduction tests
It is also remarkable that the avoidance response observed in collembolans is not associated with negative effects on reproduction, which would indicate chronic toxicity.
Similarly, Hale et al. (2013) observed no change in reproduction of F. candida in soil mixtures with the same corn biochar used in our study, while preference was reported in the epigeic earthworm E. fetida, and toxicity was observed in the endogenic worm Aporrectodea caliginosa. All these observations suggest that avoidance response to biochar is highly dependent on the test species used and their particular environmental preferences, but does not necessarily reflect potential chronic toxicity effects of biochar.
This remark does not question the usefulness of avoidance tests, since a generalized avoidance after a biochar application might have the same functional effect in soil ecosystems as the loss of faunal abundance or diversity by toxic effects. Our conclusions, though restricted to the tested short period of time and to the soil, biochar and invertebrate species used in this study, highlight the need for more research on biochar and soil fauna interactions.
CONCLUSIONS
The application of a slow pyrolysis corn stover biochar to a temperate loamy soil affected soil microbial biomass and activity, which increased and declined, respectively, over a 2-month period. Over this period, biochar also caused contrasting effects on the behavior of the two mesofauna species assessed. While enchytraeids were generally equally distributed between unamended and biochar-amended soil, collembolans often showed avoidance responses to biochar. This response was lower or disappeared in soilbiochar mixtures with high microbial biomass and/or soluble NH 4 -N contents, a finding that matches with the previous expectations about the role of microbial biomass on soil fauna distribution in soil and the reported attraction response of some collembolan species to earthworm excreta, respectively. Collembola avoidance to the biochar in this study seemed to be mostly explained by the environmental preferences of the test species rather than by any toxicity, though this response is still informative for potential migration of some soil faunal groups to affect soil ecosystem functioning shortly after the addition of biochar.
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